Introduction
Integration of III/V semiconductors on a Si platform has been attracting more and more attentions in the past decade given the rise of silicon photonics. Indium Arsenide (InAs) is well known as a very attractive material for infrared photodiode due to its small direct bandgap and high bulk electron mobility. However, there is a large lattice mismatch between InAs and Si (α/α = 11.6%), which will introduce high defect density and lead to poor crystalline for the direct growth of InAs bulk material on Si substrate. Alternatively InAs nanowire (NW) allows to be grown on a Si substrate 1 as the reduction of the lateral dimension by introducing much more effective strain relaxation of axial heterostructures. 2 Therefore, InAs NWs are regarded as promising building blocks for future nanoscale electronics and optoelectronics to be integrated on low cost Si substrates. However, InAs surface is well known to suffer from a very high level of electron states resulting which is the source of high surface leakage currents facing in InAs bulk photodiodes. 3, 4 InAs NWs are more susceptible to detrimental surface states 5 A cm −2 at −0.1 V at room temperature, which is promising for integration of low noise III-V photodiodes with other nanophotonic building blocks on Si-based circuits.
Experimental details
The unintentionally n-type doped InAs/InAsP core/shell NWs were grown on a p + Si (111) substrate (0.001 -0.005 Ω cm) to form a NP heterojunction. 19, 20 The NWs were grown using a low-pressure (60 Torr) Emcore D-75 MOCVD system. Trimethylindium (TMIn), tertiarybutylarsine (TBAs), and tertiarybutylphosphine (TBP) were used as precursors, and hydrogen was used as a carrier gas. The native oxide on the exposed Si was etched using diluted HF solution (HF : H 2 O = 1 : 200) for 100 seconds, and the sample was directly loaded into the MOCVD reactor after rinsing. The sample was held at 870 °C for 10 minutes under hydrogen ambient to remove the native oxide, and the temperature was decreased to the growth temperature. The growth temperature of the InAs core and the InAsP shell were both 600 °C. 
Results and discussions
The measured PL results for the InAs NW array with and without shell are shown in Figure 2 . The measurement was performed at 77 K under an excitation power of 16.9 mW at the laser wavelength of 671 nm. Low temperature and low excitation power are used here to deter excess heating and damage of the NWs. The laser spot size focused onto the sample had a diameter of approximately 50 μm, corresponding to the excitation of an ensemble volume of 1.238 × 10 4 NWs with ~70% yield. It is clear to notice that the PL peak intensity of the InAs/InAsP core/shell NW array is ~90 times stronger than the uncapped InAs NW sample, which is consistent with the result reported by Treu et al. 10 This result demonstrates that the non-radiative surface recombination has been effectively reduced as the wider 
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bandgap InAsP shell acts as energy barrier to suppress surface recombination and the PL response mainly comes from the direct band-to-band transition. However, the peak emission of InAs/InAsP NWs is 2.4 μm at 77 K with a blue shifted (~0.33 μm) from the uncapped NWs, suggesting there is still possible strain between the InAsP shell and InAs core due to their lattice mismatch or the Fermi level pinning at the surface.
10 Figure 3a shows the on-wafer dark current−voltage (I−V) results of InAs/InAsP NW array diodes measured at room temperature (RT). The calculated dark current density was normalized using the number of NWs (1.238 × 10 4 ) and their diameters. The leakage current is only 4 pA for the diode with D = 120 nm and 0.01 pA for the diode with D = 95 nm at 0 V. It is observed that the dark leakage current increases with D, which may be attributed to the higher dislocations and defects at the InAs/Si hetero-interface given larger growth dimensions.
22, 23
The reverse current shows orders of magnitude increase from 0 to −1 V, which is possibly dominated by the interband tunneling. 24 In the forward current direction an ideality factor of approximately two is extracted. All diodes show ~2 orders of current rectification ratio from −1 V to 1.2 V, indicating the I−V characteristic is dominated by a single type junction. Figure 3b shows the measured photocurrent results at RT. The operating lasers are at the wavelength (λ) of 780, 1310 and 1900 nm, respectively. The continuous laser light was top illuminated onto the detector via a multimode fiber with nominal diameter of 65 m. The total current as a function of reverse bias voltage is shown in Figure 3b . The photocurrent is deduced by subtracting the dark current from the total current. Small reverse bias voltage up to 0.02 V was applied because the photocurrent degrades by the bias-dependent dark current as the reverse bias voltage increases. A strong visible photoresponse at λ = 780 nm was observed with ON/OFF ratio of 50 under 0 V and there is also an infrared photoresponse in the detector both at λ = 1310 nm and λ = 1900 nm with ON/OFF ratio of 10. The stronger photoresponse at λ = 780 nm may be from the higher absorption attributed by the tightly confined mode on top of the NW supported by the LSP resonance at the edge of the metal cap. 25 The inset shows the detector has a linear photoresponse up to 4 mW at λ = 1310 nm under 0 V. The infrared photoresponse and the linearly increase photovoltaic current at 0 V from the detector suggests the trap states at the InAs/Si heterojunction does not limit the flow of the photocurrent. The photogenerated electrons are collected from the InAs NW top contact and the holes from Si substrate can overcome a small valance band barrier into the InAs NW. The detected photocurrent at both visible and infrared light also indicates the InAs/InAsP NWs are optically active. However the quantum efficiency of the detector is not determined here because the reflectivity and the transmission loss of the metal were not taken into account.
To further access the performance of our InAs/InAsP NW array diodes, the InAs commercial bulk detector, 26 the reported InAs bulk photodiode, 27 and the reported NW diodes with similar structures 24, 28−30 are used for comparison in terms of the dark current density and photocurrent at RT, as shown in Table 1 . 
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Our InAs/InAsP NW array diodes show a lowest dark current density at 0 V in Table 1 . At a typical detector operating reverse voltage of −0.1 V, our diodes with D = 120 nm show approximately one order of magnitude lower current density than the InAs commercial bulk photodiode 26 and 23 times lower than the reported InAs bulk photodiode, 27 which is greatly limited by surface leakage current arising from the high electron states at RT. Our diodes also show a lower dark current density compared to the other reported InAs NW diode in Table 1 . Such results prove the electron surface density is greatly suppressed in our InAs/InAsP NWs. It was worth noting that the dark current density of 9.1×10 −5 A cm −2 in our diodes with D = 95 nm at −0.1 V is the lowest value reported for current InAs devices with similar structures to our best knowledge. This significantly low leakage current in our InAs/InAsP NW diodes will be of great benefit for low noise III−V detectors integration on a Si substrate. For photocurrent comparison, though the photocurrent in our diodes is much lower compared to the InAs bulk photodiode, the total volume of the InAs/InAsP NWs is only ~ 0.69% of the bulk device in Ref. 27 . 29 The reduced bulk volume can significantly decrease the absorption efficiency in NW photodiodes. In addition our didoes show a comparable photocurrent level compared to the reported InAs NW detector with similar NW height. 30 We expect an increased absorption efficiency of the InAs/InAsP NW array detector by appropriate optical design of the NW length and diameter 25 and improving the growth yield to form ordered NW array.
Conclusions
We have demonstrated InAs/InAsP core/shell NW array photodiodes on a Si substrate grown by SA-MOCVD. The high surface states in InAs NWs have been significantly suppressed by growing a thin in-situ InAsP passivation shell and the didoes show approximately one order of magnitude lower dark current density than the bulk commercial photodiode at −0.1 V. Visible and infrared photoresponse were also obtained. However, optimized optical design and increasing the NW growth yield are still necessary as a subject of ongoing work to improve the device performance. 
